Omethyltransferase activity. An EST data set comprised of 5,468 sequences selected at random from a S. bicolor root hair-specific cDNA library was generated to identify candidate sequences potentially encoding enzymes involved in the sorgoleone biosynthetic pathway. Quantitative real-time RT-PCR and recombinant enzyme studies with putative Omethyltransferase sequences obtained from the EST data set have led to the identification of a novel O-methyltransferase highly and predominantly expressed in root hairs (designated SbOMT3) which preferentially utilizes alk(en)ylresorcinols among a panel of benzene-derivative substrates tested. SbOMT3 is therefore proposed to be involved in the biosynthesis of the allelochemical sorgoleone.
chemical warfare between neighboring plants competing for limited light, water, and nutrient resources (1, 2) . Allelopathic interactions have been proposed to have profound effects on the evolution of plant communities through the loss of susceptible species via chemical interference, and by imposing selective pressure favoring individuals resistant to inhibition from a given allelochemical (e.g., 2, 3).
In addition, allelochemicals released by grain crop species such as barley, rye, and sorghum are thought to play a significant role in their efficacy as weed suppressants when used as cover crops or within intercropping systems (4, 5) .
Sorghum bicolor (L.) Moench is one of the most important cereal crops worldwide (6) , surpassed only by wheat, rice, corn and barley in total acreage, with the United States currently accounting for a major portion of total world production and exports (FAOSTAT data, http://faostat.fao.org; accessed July 2007). The allelopathic properties of sorghum were first suggested from observations of reduced growth of other crop species when grown in rotation; moreover certain sorghum species such as Sudan grass (Sorghum sudanense) can produce largely weed-free monocultures without the use of synthetic herbicides (reviewed in 7). Current evidence suggests that a family of allelochemicals active at micromolar concentrations, referred to as sorgoleones, may account for much of the allelopathic properties of Sorghum spp. (8, 9, 10) . The term sorgoleone is most frequently used to describe the compound corresponding to the predominant congener identified in sorghum root exudates (11), 2-hydroxy-5-methoxy-3-[(Z,Z)-8',11',14'-pentadecatriene]-p-benzoquinone ( Fig.  1) , which has been estimated to account for as much as 85% of the exudate material (w/w) in some varieties (10) . The remaining exudate consists largely of sorgoleone congeners differing in the length or degree of saturation of the aliphatic side chain, and in the substitution pattern of the quinone ring (11, 12) . The fact that sorgoleone acts as a potent broad-spectrum inhibitor active against many agronomically important monocot and dicot weed species, exhibits a long half-life in soil, and appears to affect multiple cellular targets (e.g., 8, 9, 10, 13, 14, 15, 16, 17) may make it promising for development as a natural product alternative to synthetic herbicides (18, 19) .
Sorgoleone biosynthesis likely occurs exclusively in root hairs, which appear as cytoplasmically dense cells in sorghum, containing large osmiophilic globules deposited between the plasmalemma and cell wall, presumably associated with sorgoleone rhizosecretion (10, 20) . Labeling studies have demonstrated that the biosynthesis of sorgoleone involves the convergence of the fatty acid and polyketide pathways (21, 22) through the action of a polyketide synthase activity utilizing fatty acyl-CoA starter units, resulting in the addition of a quinone head via iterative condensations of acetate extender units ( Upon exudation, the less stable hydroquinone rapidly oxidizes to the highly phytotoxic benzoquinone form, which can persist in soil for extended periods (9, 10, 23) . In addition, recent studies have shown that sorgoleone biosynthesis occurs constitutively during early seedling establishment, and its accumulation is apparently distinct from that of phytoalexins as levels were not observed to increase following various elicitor treatments (24) .
The specific sequence of biosynthetic reactions leading to the formation of dihydrosorgoleone, starting from the proposed 5-pentadecatrienyl resorcinol intermediate ( Fig. 1) has not been previously determined. Moreover, despite the ecological and agronomic importance of this family of allelochemicals, a paucity of information exists concerning the genes and corresponding enzymes participating in their biosynthesis. In the present study, we have identified a 3-methyl ether derivative of the previously characterized 5-pentadecatrienyl resorcinol intermediate by GC-MS analysis of sorghum root extracts, indicating that dihydroxylation of the resorcinol ring is preceded by O-methylation at the 3' position by a novel 5-nalk(en)ylresorcinol-utilizing O-methyltransferase activity.
To identify candidate Omethyltransferase sequences, as well as candidates representing other steps in the biosynthetic pathway, an annotated EST data set comprised of 5,468 quality 5' sequences was generated from a S. bicolor root hair-specific cDNA library. Followup real-time RT-PCR and recombinant enzyme studies with putative O-methyltransferase sequences obtained from this library have led to the identification of a root hair-specific Omethyltransferase (designated SbOMT3) utilizing alkylresorcinolic substrates, proposed to be involved in the biosynthesis of sorgoleone. Furthermore, the annotated root hair-specific data set we have generated directly complements the existing public sorghum EST sequences, and expands our understanding of the transcriptome of a highly specialized and unique cell type.
EXPERIMENTAL PROCEDURES
Plant Material and Growth Conditions -Seeds of S. bicolor genotype BTx623 were purchased from Crosbyton Seed Company (Crosbyton, TX), and SX-17 sorghum-Sudangrass hybrid seeds (S. bicolor x sudanense) were purchased from Dekalb Genetics (Dekalb, IL). SX-17 was used for sorgoleone content comparisons with BTx623; all other experiments described in this work involved only BTx623. Root tissues used for sorgoleone content determinations, analysis of C15:3 resorcinols, root hair preparations, and whole root systems used for real-time RT-PCR experiments were obtained from 5-or 8-day-old dark-grown seedlings grown under soil-free conditions using a capillary mat system devised by Czarnota and coworkers (10) . Immature leaves and shoot apices used for real-time RT-PCR experiments were isolated from seedlings maintained in a growth chamber at 28°C for 8 days in standard (approximately 20 X 40 cm) nursery flats using Premier Pro Mix PGX potting media (Hummert International, Earth City, MO) under a combination of cool-white fluorescent and incandescent lighting at an intensity of approximately 400 µmol m -2 s -1 and a 16-h photoperiod. Developing panicles, mature leaves, and culm (stem) tissues used for real-time RT-PCR experiments were isolated from 10-week-old greenhouse-grown plants. At the time of harvest, panicles were partially exerted from flag leaf sheaths, just prior to anthesis. All harvested plant material was directly flash-frozen in liquid nitrogen and stored at -80°C prior to analysis, with the exception of material used for sorgoleone content determinations, which involved fresh tissue extractions.
Sorgoleone Content Determinations -Root systems from 5-day-old seedlings were weighed, immersed in chloroform and agitated for 30 seconds. Extracts were filtered through Whatman 110 mm No. 1 filter discs (Whatman Inc., Florham Park, NJ) to remove debris, concentrated in vacuo at 30°C using a rotary evaporator (Büchi Rotovapor, Brinkmann Instruments, Westbury, NY), and dried to completion under nitrogen gas, then weighed on an analytical balance. Dried extracts were then re-dissolved in acetonitrile (1.0 mg sample per ml of acetonitrile) and analyzed by high performance liquid chromatography (HPLC) using a Hewlett-Packard 1050 HPLC System (Agilent Technologies, Palo Alto, CA) equipped with an Alltech EPS C18 column (100 Å, 3 µm, 150 mm length, 4.5 mm internal diameter; Alltech Associates Inc., Deerfield, IL). The sample was eluted as follows (solvent A is 2.5% acetic acid in water; solvent B is acetonitrile): 0-15 min 45% A / 55% B isocratic; 15-22 min linear gradient from 55% to 100% B; 22-25 min 100% B; 25-26 min 100% to 55% B; 26-30 min 45% A / 55% B isocratic. A flow rate of 2 ml/min was used, and the sample injection volume was 20 µl. The peak corresponding to sorgoleone was monitored at 280 nm. Quantitation was based on a calibration curve using purified sorgoleone as an external standard.
GC-MS Analysis of C15:3 Resorcinols -Root systems from 8-day-old seedlings were first immersed in chloroform with agitation for 30 seconds to remove sorgoleone, then lyophilized. Lyophilized material was pulverized using a mortar and pestle, followed by homogenization in methanol (approximately 10 g per 50 ml) for 1 min at 25,000 rpm. Homogenates were then filtered through Whatman No. 1 filter discs, then evaporated using a rotary evaporator (Büchi Rotovapor, Brinkmann Instruments) at 30°C. Residues were then re-dissolved in methanol and transferred to GC vials. GC-MS analysis was performed with a JEOL GCMate II System (JEOL USA Inc., Peabody, MA) using a J&W DB-5 capillary column (0.25 mm internal diameter, 0.25 µm film thickness, 30 m length; Agilent Technologies, Foster City, CA).
The GC temperature program was initially set to 110°C, raised to 300°C at a rate of 6°C/min, then held at by guest on September 16, 2017 http://www.jbc.org/ Downloaded from this temperature for 2.3 min. Ultra high purity helium was used as carrier at a flow rate of 1.0 ml/min. The inlet (splitless), GC interface, and ion chamber temperatures were 250, 250, and 230°C, respectively. The sample injection volume used was 2.0 µl.
The mass spectrum of the peak at 21.8 min (Fig. 2B and 2C cDNA Library Construction -Root hairs were isolated from dark-grown 8-day-old BTX623 seedling root systems using the method devised by Bucher et al. (25) , involving immersion in liquid nitrogen with gentle stirring, followed by filtration through a 250 µM aluminum mesh to remove root system debris. Purity of the root hair preparations was assessed by bright-field microscopy, and only highly enriched preparations were retained for subsequent cDNA library construction. Root hair preparations were stored at -80°C prior to RNA extraction. Total RNAs were isolated from root hairs using the Trizol reagent (Invitrogen Corporation, Carlsbad, CA) per manufacturer's instructions, with an additional homogenization step of 30 s at 25,000 rpm using a hand-held homogenizer.
RNA purity was determined spectrophotometrically, and integrity was assessed by agarose gel electrophoresis. PolyA + mRNA was prepared from root hair total RNA using an EST Sequencing and Data AnalysisRecombinant plasmid-bearing colonies were obtained from the non-amplified S. bicolor root hair phagemid library by mass excision, then plasmid mini-preparations were performed for 6,624 randomly-selected isolates arrayed into 69 96-well plates. 5' DNA sequencing reactions were performed using ABI BigDye Terminator Cycle Sequence Ready Reaction kits (versions 2 and 3; Applied Biosystems, Foster City, CA) as previously described (26) . Base calling on raw sequence trace data was performed using PHRED software (27) , and vector, adapter, and low-quality sequence ends were identified using an in-house processing script (28) , resulting in 5,468 highquality sequences, or an 82.6% success rate. The average trimmed EST length, determined using a moving window with a PHRED quality score of 16, was 451 bp, of which on average 432 bp were called with a quality score equal to or greater than 20. The resulting 5,468 root hair ESTs were assembled using TGICL (29) . Provisional annotation of all EST and contig consensus sequences was performed by BLASTX analysis against all full-coding-length entries from the PIR-NREF database (30, 31) . EST data mining was performed using the MAGIC Gene Discovery software (32) , and by BLASTN and TBLASTN analysis (30) . Provisional gene ontology (GO) categorization of the assembled data set was performed by BLASTX analysis against all UniProt peptide sequences downloaded from the European Bioinformatics Institute web site (EBI UniProt release 9.0; http://www.ebi.uniprot.org). An E -value cutoff of E < 10 -10 was applied to the BLASTX returns, and the corresponding full GO terms from significant matches were retrieved using the association Approximately 1 g of powdered tissue was mixed with 3.0 ml Plant DNAzol reagent supplemented with RNase A at a final concentration of 1.0 mg/ml, then incubated at room temperature for 10 minutes with gentle shaking.
The remainder of the extraction procedure was carried out per manufacturer's instructions, with an additional chloroform:isoamyl alcohol (24:1, v/v) extraction step performed prior to ethanol precipitation. Restriction endonuclease digestions and Southern blotting procedures were performed according to standard protocols (36) .
Probe sequences containing partial 3' UTR and 3' coding sequences were generated by PCR amplification from cloned SbOMT1, SbOMT2, and SbOMT3 cDNA templates with an Expand High Fidelity PCR kit (Roche Diagnostics Corporation) using a thermal profile of 94°C for 30 s, then 55°C for 1 min 30 s, followed by 72°C for 1 min for 25 cycles. The following PCR primer pairs were used to generate probe sequences for the three S. Heterologous Expression and Purification of Recombinant OMTs -DNA manipulations and E. coli transformation protocols used during the preparation of plasmid vectors for recombinant OMT experiments were performed according to standard procedures (36) .
Full-length open reading frames for SbOMT1, SbOMT2, and SbOMT3 were determined from assembled EST sequence data obtained from the root hair ESTs. E. coli overexpression vectors were constructed by PCR amplification of SbOMT1, SbOMT2, and SbOMT3 coding regions using PCR primers designed with flanking NdeI (forward primer) and BamHI (reverse primer) restriction sites to facilitate direct cloning into pET15b (EMD Biosciences, La Jolla, CA), using the following PCR primer pairs: SbOMT1 -forward: 5'-GCAATTCCATATGGCCAGCTATACTAGTAC TAGTGG-3', reverse:
reverse: 5'-GACTAGGGATCCTTATGGGTAGACTTCGAT GACACCAC-3'; and SbOMT3 -forward: 5'-GCAATTCCATATGGTACTCATCAGCGAGG AC-3', reverse: 5'-GACTAGGGATCCTCATGGATATAGCTCAAT GATCG-3'. Primers were added at a final concentration of 0.4 mM to 50 µl PCR reactions, using 2 µl of first-strand cDNA as template, prepared from root hair total RNA with a SuperScript First-Strand Synthesis System (Invitrogen Corp.) per manufacturer's instructions. PCR amplifications were performed with an Expand High Fidelity PCR kit (Roche Diagnostics Corp.), using a thermal profile of 94°C for 30 seconds, then 55°C for 2 minutes, followed by 75°C for 3 minutes, for a total of 30 cycles. The resulting PCR products were then gel-purified, digested with NdeI and BamHI, then ligated with NdeI-and BamHI-digested pET15b, resulting in the final overexpression vectors containing the three S. bicolor OMT predicted open reading frames, as confirmed by DNA sequence analysis. The expression vectors were then transformed into E. coli strain BL21/DE3 (EMD Biosciences) for recombinant enzyme studies.
For recombinant protein production, E. coli cultures were grown at 37°C to an optical density of 0.6 at 600 nm, then induced with 0.5 mM IPTG and allowed to grow 5 additional hours at 25°C. Cells were harvested by centrifugation at 3000 x g for 20 min at 4°C, washed with cold 0.9% NaCl, then collected by re-centrifugation at 3000 x g. Pellets were resuspended in cold lysis buffer (50 mM Tris-HCl, pH 7.5, 1 M NaCl, 5 mM imidazole, 10% glycerol, 1 µg/ml leupeptin), and extracted using a French press (Thermo IEC, Needham Heights, MA) at a pressure of 10,000 kPa. Benzonase (25 U/ml) and 1 mM PMSF were added immediately to the lysate. After 15 min incubation at room temperature, lysates were centrifuged at 15,000 x g for 20 min, and the supernatant was loaded onto His GraviTrap columns (Amersham Biosciences, Piscataway, NJ) activated with 2 ml of 0.1 M NiSO4 and washed with 10 ml of distilled water. The column was previously equilibrated with 10 ml buffer A (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole). The column was washed with 4 ml buffer A following each 2 ml of supernatant added. Once sample loadings were complete, the columns were washed with 8 ml of buffer A, followed by 8 ml of buffer B (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 100 mM imidazole) to remove non-specifically bound proteins. Recombinant proteins were then eluted with 2.5 ml of elution buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 250 mM imidazole). Columns were washed with 10 ml wash buffer C (20 mM TrisHCl, pH 8.0, 500 mM NaCl, 1 M imidazole), followed by 10 ml of distilled water after each use to remove contaminating proteins. Recombinant protein-containing fractions (250 mM imidazole) were desalted on a PD-10 column equilibrated with cold desalting buffer (20 mM Tris-HCl, pH 7.5, 10 mM DTT, 10% glycerol). Protein concentrations were determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA). All recombinant proteins were at least 95% pure, as estimated by SDS-PAGE. Enzyme preparations were stored at -80°C prior to use.
OMT Enzymatic Assays -Substrate specificities and kinetic parameters for recombinant OMTs were determined using a modified protocol based on Wang and Pichersky (37) . All enzymatic assays consisted of 90 µl of assay buffer (250 mM Tris-HCl, pH 7.5, 10 mM DTT), 200 µl of purified enzyme preparation (200 µg protein/ml), 5 µl of a 10 mM substrate stock solution (dissolved in 100% ethanol), and 5 µl of S-[methyl-
14 C]adenosyl-L-methionine (40-60 mCi/mmol, 0.1mCi/ml; ICN Biomedicals, Irvine, CA). Reactions were incubated for 30 min at 30°C using a Thermomixer (Brinkman Instruments), then quenched by addition of 25 µl of 6 N HCl.
Radiolabeled products were subsequently extracted by the addition of 1 ml of hexane:ethyl acetate (1:1 v/v), and 300 µl of the (upper) organic phase were transferred to scintillation vials containing 5 ml of Ultima Gold scintillation fluid (Packard BioScience, Meriden, CT). Scintillation counts were performed using a Tri-Carb 1600TR Liquid Scintillation Analyzer (Packard BioScience). Protein concentrations and time points used for activity measurements were controlled to insure linearity of the assays. Kinetic parameters were determined from assays performed in triplicate as described above, but with substrate concentrations ranging from 10 µM to 10 mM.
Data from enzyme kinetics experiments were fit to the Michaelis-Menten equation using the SigmaPlot v. 9.01 enzyme kinetics module (Systat Software, Inc., Point Richmond, CA).
Homology Modeling and Automated Substrate Docking -The SbOMT3 amino acid sequence was aligned to M. sativa I-7-OMT using Clustal W (version 1.82). The model of SbOMT3 was built as described (38) , using the MODELER software package (39, 40) , with SAH and formononetin complexed to I-7-OMT (PDB code 1FP2) as the structural template. For docking analysis, the Genetic Optimization for Ligand Docking (GOLD) program (CCDC Software Ltd, Cambridge UK) was employed. The parameters controlling the precise operation of the genetic algorithm were set as described previously (38) . The validity of the settings was first confirmed as follows: the isoformononetin bound in the active site of the I-7-OMT model was removed, and the isoflavone daidzein was then docked to the structure to compare the in silico docking solutions to the actual structural complex. The confirmed settings were then used for the automated docking of 5-(8',11',14')-pentadecatrienyl resorcinol to the SbOMT3 model. The size of the SbOMT3 active site was defined within 15 Å around the NE2 atom of H322 which projects into the center of the putative substrate binding site of the SbOMT3 model. Ten docking calculations were run and the GOLD score was used to identify the lowest energy docking results.
Substrates -Resorcinol and orcinol were purchased from Sigma-Aldrich Corp. (St. Louis, MO). 5-n-Pentyl-resorcinol was purchased from Fisher Scientific (Suwanee, GA), and 5-npentadecyl-resorcinol was purchased from Chem Service, Inc. (West Chester, PA). For synthesis of 5-n-propyl-, 5-n-butyl-, 5-n-hexyl-, 5-n-heptyl-, and 5-n-nonyl-resorcinol, 3,5-bis-(benzyloxy)benzaldehyde was first prepared from methyl 3,5-dihydroxybenzoate (Lancaster Synthesis, Inc., Pelham, NH) using the method developed by Franke and Binder (41) . A mixture of the appropriate alkyltriphenylphosphonium bromide (5 mmol) (Lancaster Synthesis, Inc.) with sodium hydride (5 mmol) was stirred for 15 min at room temperature in dry methylene chloride, thenhexane:ethyl acetate (49:1 vol/vol), to afford a mixture of cis and trans 1-(2-alkenylinyl)-3, 5-dihydroxybenzene isomers in 70-80% yield. The mixtures were hydrogenated at 275 kPa for 10 h in the presence of 10% palladium-carbon catalyst, filtered through celite, and then evaporated. Residues were then chromatographed over silica gel and eluted with hexane:ethyl acetate (17:3 vol/vol), quantitatively yielding the final nalkylresorcinol product. The identities of all compounds were confirmed using both physical and spectroscopic methods, including 1 H-NMR, 13 C-NMR, and high-resolution mass spectroscopy (HR-MS).
1 H-NMR and 13 C-NMR spectra were recorded using an Avance DPX-300 spectrometer (300 MHz for 1 4 , using tetramethylsilane as an internal standard. HR-MS data were obtained by direct probe, using a Bioapex-FTMS spectrometer with electrospray ionization (Bruker Biospin Corp.).
5-n-[8',11',14']-Pentadecatrienyl-resorcinol was purified from Anacardium occidentale (cashew) nutshell liquid using the method developed by Paramashivappa et al. (42) . All other substrates described were purchased from Sigma-Aldrich.
Phylogenetic Analysis -Amino acid sequences of putative O-methyltransferases were retrieved from the NCBI non-redundant peptide sequence database (http://ncbi.nlm.nih.gov) by BLASTP analysis and from the TIGR plant gene indices database (http://www.tigr.org) by TBLASTN analysis, using default parameters. A candidate list was screened for redundancy and errors, resulting in a data set comprised of 134 sequences, including the three S. bicolor OMT sequences described in this work (SbOMT1, SbOMT2, and SbOMT3). Multiple sequence alignments were constructed with ClustalX ver. 1.81 (43) . Three parameter sets were investigated to assess sensitivity of the alignment to gap costs: default (gap opening = 10.0, gap extension = 0.2); gap opening = 10.0, gap extension = 1.0; gap opening = 1.0, gap extension = 1.0. All other parameters were set at default values (in particular, the Gonnet weight matrix was employed).
The alignments differed substantially in length (853, 698, and 817 residues, respectively).
Phylogenetic estimates of the relationships among sequences were conducted separately for each alignment. The neighbor-joining method (44) as implemented in PAUP* ver. 4.0b10 (45) was used to estimate trees. Default parameters were used except that ties were broken randomly. Trees were midpoint rooted and nodal support was estimated by the bootstrap approach (46) , employing 5000 pseudoreplicate data sets. Phylogenetic trees estimated from the three alignments were extremely similar with differences restricted to minor rearrangements within clades and the relationships among several moderately sized clades. The third alignment, with equivalent gap opening and extension penalties, was selected for discussion and further analysis. However, all interpretations made here would be identical on trees estimated from the other two alignments. To clarify relationships in the presentation of the results, the 134 sequences in the third alignment were reduced to 76 sequences by removing highly similar sequences and reducing representation in clades distantly related to SbOMT1, SbOMT2 and SbOMT3. The resulting alignment was reanalyzed using the same methods, and the resulting phylogeny (Fig. 6 ) was highly congruent with the estimate from the 134-sequence data set.
RESULTS AND DISCUSSION

Identification of Pentadecatrienyl Resorcinol and Pentadecatrienyl Resorcinol-3-methyl ether
Intermediates in S. bicolor Genotype BTx623 -Given the likelihood that sorgoleone is synthesized predominantly in root hair cells (10, 20) , it follows that the biosynthetic enzymes are exclusively or predominantly localized in this cell type. Furthermore, the significant quantity of sorgoleone-containing exudate produced by these cells suggests that the corresponding mRNAs encoding these enzymes could be among the most abundant. Expressed sequence tag (EST) analysis was therefore chosen as a gene isolation strategy to identify genes encoding enzymes involved in the biosynthesis of the allelochemical sorgoleone, as this approach is ideally suited for profiling the more abundant transcripts in a specific cell or tissue type (47, 48, 49, 50) . The majority of the existing sorghum genomics infrastructure is based on the S. bicolor genotype BTx623 (e.g., 26, 51), a parental line commonly used in commercial breeding programs and also used for the development of detailed genetic maps (52, 53) . BTx623 was therefore initially selected as a model for the present work in order to utilize, as well as expand, the existing sorghum genomics infrastructure.
To first assess the suitability of genotype BTx623 as a model, sorgoleone levels were determined by HPLC analysis of root exudates collected from 5-day-old, etiolated seedlings. For comparison, an identical analysis was also performed with SX-17 seedlings, a previously characterized S. bicolor x S. sudanense hybrid (10, 54, 55) . The results of this comparison are shown in Fig. 2A . The total sorgoleone content of approximately 1500 µg/g fw measured in SX-17 seedlings is in agreement with previously reported levels for this genotype (54, 55) , and was approximately 30% higher than those observed for BTx623 seedlings (Fig. 2A) .
Even though significant variation in sorgoleone content among different sorghum accessions is typically observed (14, 54) , the results obtained in the present study nevertheless clearly indicate that the sorgoleone content of genotype BTx623 is comparable to levels observed in other accessions. Also of interest is the observation that the predominant sorgoleone congener, 2-hydroxy-5-methoxy-3-[(Z,Z)-8',11',14'-pentadecatriene]-p-benzoquinone (Fig. 1) , represents a major constituent (41%, w/w) of the exudate material produced by BTx623 seedlings (Fig. 2A) . Taken together, the data clearly demonstrate the suitability of the genotype BTx623 as a model system for identifying genes associated with the biosynthesis of sorgoleone.
The likely pathway intermediate directly resulting from the polyketide synthase activity involved in sorgoleone biosynthesis, 5-pentadecatrienyl resorcinol (5-[(8'Z,11'Z)-8',11',14'-pentadecatrienyl]resorcinol; Fig. 1 ) was previously identified by GC-MS analysis (22) . This finding, along with labeling studies demonstrating the polyketide origin of the quinone ring (21, 22) , lends support for the initial steps in the proposed pathway shown (Fig. 1) . Given the ultimate goal of identifying all of the key enzymes required for sorgoleone biosynthesis, which would include the biochemical characterization of fatty acid desaturases (DESs), polyketide synthases (PKSs), O-methyltransferases (OMTs), and possibly P450 monooxygenases (Fig. 1) , the identification of additional pathway intermediates is crucial for the understanding of the in vivo substrates used by the O-methyltransferase and hydroxylase activities likely to be involved. Toward this end, methanol extracts were prepared from roots of 8-day-old BTx623 and SX-17 seedlings, and analyzed by GC-MS, as shown in Fig. 2B and 2C (representative chromatograms for genotype BTx623 shown).
Significantly, in addition to the 5-pentadecatrienyl resorcinol previously identified, the 3-methyl ether derivative (5-[(8'Z,11'Z)-8',11',14'-pentadecatrienyl resorcinol-3-methyl ether) was also clearly observed ( Fig. 2B and 2C) .
The 5-pentadecatrienyl resorcinol and its 3-methyl ether derivative were identified from the total ion chromatograms of the root methanol extracts (retention time 21.8 and 18.3 min, respectively; Fig. 2B and 2C ) by extracted ion monitoring at m/z 314 for 5-pentadecatrienyl resorcinol and m/z 328 for the 3-methyl ether derivative (Fig. 2C) , and the corresponding mass spectra for the two peaks revealed characteristic fragment ions supporting their identity ( Fig. 2C ; see also "Experimental Procedures"). Collectively, these data support the pathway model proposed in Fig. 1 , where dihydroxylation of the resorcinol ring is preceded by 3' O-methylation, likely catalyzed by a novel S-adenosyl-L-methionine-dependent OMT utilizing 5-[(8'Z,11'Z)-8',11',14'-pentadecatriene]resorcinol as a substrate in vivo. Consistent with this hypothesis, subsequent feeding studies performed using purified sorghum root hair preparations have detected an OMT activity capable of methylating the structurallyrelated compound 5-n-pentadecyl resorcinol (56) .
Survey of S. bicolor Root Hair ESTs -To create an EST data set useful for the identification of candidate OMT, DES, PKS, and P450 sequences potentially encoding enzymes involved in sorgoleone biosynthesis, highly-enriched root hair preparations were obtained using the two-step liquid nitrogen immersion -microfiltration procedure devised by Bucher et al. (25) . An aliquot of the non-amplified primary library obtained was used directly as the source of randomly selected clones for high-throughput 5' sequence analysis, resulting in 5,468 high-quality ESTs which assembled into 3,204 unique clusters, suggesting a broad estimation of approximately 9,000 for the transcriptome size of root hair cells (Supplemental Fig. 1A-C) . Additionally, the 3,204 unique sequences identified in the root hair data set were assigned to available gene ontology (GO) terms (Fig. 3) , based on the Plant GOSlim classification scheme (33) . Of particular interest, 'other metabolic processes' (GO:0008152) was the second largest assignment within the 'Biological Process' category (10.1% of all terms assigned), consistent with previous ultrastructural studies suggesting a high level of metabolic activity for this cell type associated with exudate production (10, 20) .
Not unexpectedly, 'transport' (GO:0006810) was also identified as one of the most frequent assignments within 'Biological Process' (8.3% of all terms assigned), given the pivotal role played by root hair cells in soil mineral and organic nutrient uptake (57, 58) .
Importantly, OMT, DES, P450 and PKS-like sequences were identified within the EST data set, thus all of the major enzyme classes predicted to be required for the biosynthesis of sorgoleone appear to be highly represented (Table 1) . Moreover, several OMT and DES-like sequences were included among the most highly expressed sequences in root hairs (Table 2) , and we have recently demonstrated that contigs 2_32 and 2_162 (accounting for 0.4572% and 0.0914% of all ESTs, respectively) represent desaturases likely involved in generating the unusual 16:3∆ 9, 12, 15 fatty acyl-CoA precursor used for sorgoleone biosynthesis in planta (designated SbDES2 and SbDES3; 59). A root-hair specific desaturase-like sequence nearly identical to contig 2_32 (designated SOR1), was also isolated from a sorghum-Sudangrass hybrid (60) , and while the biochemical function of SOR1 was not determined it is likely identical to that of SbDES3 (59) .
To identify potentially novel gene sequences within the root hair ESTs, all contig consensus sequences were compared by BLASTN analysis against extensive nucleotide sequence data sets available for sorghum (Sorghum Milestone V3.0; 22), corn (PlantGDB-assembled unique transcripts for Zea mays; http://www.plantgdb.org) and rice (Rice Annotation Project Database; 61), using thresholds of E<10 -10 as well as E<10 -25 for the identification of potentially homologous sequences (Supplemental Tables 1A-F) .
In addition, BLASTX comparisons against all Rice Annotation Project Database (RAP-DB) proteins were performed using the same thresholds (Supplemental Tables 1G-H) .
At the more stringent E<10 -10 BLASTN criterion, 457 out of the 3,204 root hair contigs (approximately 14%) had no match with corn, 939 (approximately 29%) had no match with rice, and 416 (approximately 12%) had no match with publicly-available sorghum sequences. Similar results for rice were obtained from BLASTX comparisons, with 827 sequences (approximately 26%) finding no match. Thus, in addition to serving as a source of candidate sequences for the present work (Table  1) , the root hair EST data significantly augment the existing EST data for S. bicolor, and provide a useful resource for investigating novel genes specifically expressed in this cell type.
Identification of OMTs Preferentially Expressed in Root Hairs -As mentioned, 58 ESTs potentially encoding O-methyltransferases were identified in the root hair data set, which assembled into 12 contigs, and included 6 singletons (Table 1 ). Given the likelihood that sorgoleone biosynthesis occurs primarily or exclusively in root hairs (discussed above), a secondary screen using quantitative real-time PCR was employed to identify OMT sequences expressed specifically or predominantly in this cell type. Gene-specific primer pairs were designed for monitoring OMT expression patterns in SYBR Green I-based real-time PCR assays, using cDNAs prepared from total RNAs isolated from root hairs, root systems, developing panicles, stems, immature and fully-expanded leaves, and shoot apices. As controls, gene-specific primer pairs were also designed for a S. bicolor chlorophyll a/b-binding protein (CAB; uniscript ID 2_9279) and polyubiquitin-like sequence (uniscript ID 2_9314), selected by in silico expression analysis using the MAGIC Gene Discovery Software (32) . Based on these analyses, three OMT-like contig sequences (2_81, 2_47, and 2_53; Tables 1 and 2) preferentially expressed in root hairs were selected for more detailed characterization and designated SbOMT1, SbOMT2, and SbOMT3, respectively. As can be seen in Fig. 4A , SbOMT1, SbOMT2, and SbOMT3 transcripts were predominantly expressed in root hairs, as well as total root systems harvested from 8-day-old seedlings grown under conditions identical to those used for root hair preparations, and thus contained extensive amounts of root hairs. In all cases, however, expression in root hairs was much higher than that observed in roots, suggesting that the root hairs contributed a significant percentage of the transcripts detected in the total root samples. Specifically, SbOMT1 transcript levels were approximately 88-fold higher, SbOMT2 transcript levels were approximately 7-fold higher, and SbOMT3 transcript levels were approximately 32-fold higher in root hairs as compared with that observed for total root systems (Fig. 4A) . As expected, expression of the CAB control sequence was detected predominantly in chloroplastcontaining tissues, particularly in immature leaves, using the identical cDNA samples prepared for the OMT expression studies described above (Fig.  4B ). For the polyubiquitin control, transcript levels were remarkably consistent among all of the samples analyzed, varying approximately 4-fold between the highest and lowest samples (Fig. 4B) .
The deduced full-length open reading frames for SbOMT1, SbOMT2 and SbOMT3 exhibited extensive sequence similarity at the amino acid level to previously characterized plant type I Sadenosyl-L-methionine-dependent Omethyltransferases (62), and contained conserved residues and motifs putatively associated with catalysis and substrate binding, based on the crystal structures determined for several Medicago sativa type I enzymes (63, 64; Fig. 5A ). All three sequences encode approximately 41 kD proteins with predicted isoelectric points of 4.86 (SbOMT1), 5.43 (SbOMT2), and 5.11 (SbOMT3). Southern analyses performed using approximately 450 b.p. probe sequences derived from contiguous 3' UTR and coding regions for all three genes (see "Experimental Procedures") indicated that SbOMT1 and SbOMT2 likely do not share extensive nucleotide identity with other OMT genes within the S. bicolor genotype BTx623 genome (Fig. 5B) . For SbOMT3, the hybridization patterns obtained suggest the existence of one or more closely related OMT sequences in BTx623, based on the high-stringency wash conditions employed.
OMT Functional Characterization -Followup recombinant enzyme studies with SbOMT1, SbOMT2 and SbOMT3 were next performed to determine their preferred substrates among a panel of benzene-derivatives containing different functional groups and substitution patterns (Table   3) , including a series of 5-n-alkylresorcinols of increasing chain length, as well as 5-npentadecatrienyl resorcinol, the proposed sorgoleone pathway intermediate and physiological substrate for the participating OMT enzyme (Fig. 1) . For these analyses, full-length open reading frames for all three OMTs were overexpressed in E. coli as N-terminal polyhistidine fusions, purified using an activated nickel column, then radiometrically assayed in the presence of different substrates as described by Wang and Pichersky (37), with slight modifications (see "Experimental Procedures"). The results of these experiments are shown in Table 3 . For SbOMT1, eugenol was clearly the preferred substrate among the various benzenederivatives analyzed, but significant activity was also obtained with the monomethyl ethers of orcinol and resorcinol. Aside from all three compounds containing a methoxy group and a simple benzene ring, it is difficult to discern a clear pattern governing the substrate specificity for SbOMT1. For example, guaiacol, ferulic acid, and 4-methoxyphenol all possess a single benzene ring containing a methoxy group, yet were much less efficiently utilized by recombinant SbOMT1. By definition, SbOMT1 could be classified as a eugenol OMT (EOMT), functionally related to the previously characterized EOMT isolated from sweet basil (65, GenBank no. AAL30424; Fig.  5A ), and the (iso)EOMT isolated from Clarkia breweri (66, GenBank no. AAC01533). The substrate specificity of SbOMT1 is particularly reminiscent of that observed for EOMT from sweet basil, which also efficiently utilized guaiacol, but exhibited little to no detectable activity with resorcinol, caffeic acid, ferulic acid, or catechol.
The sweet basil enzyme did efficiently use chavicol as a substrate, which lacks the methoxy ring substituent, however chavicol is otherwise structurally identical to eugenol (65) . Recombinant SbOMT2, in contrast to SbOMT1 and SbOMT3, showed no detectable activity against any of the substrates indicated in Table 3 , although the protein did associate with the soluble fraction of the E. coli protein extracts, and migrated at the expected position by SDS-PAGE analysis. Presumably, either SbOMT2 encodes a non-functional protein, or the enzyme does not act on any of the substrates tested in the present work.
In contrast to SbOMT1, the substrate specificity for SbOMT3 indicated a clear preference for the alkylresorcinolic substrates listed in Table 3 . SbOMT3 enzyme activity with alkylresorcinols increased dramatically as the alkyl side chain was increased up to five carbons in length, and near-maximal activity was observed using hexyl resorcinol, after which enzyme activity decreased precipitously with increasing side chain length (Table 3) . Evaluation of steadystate kinetic parameters for reaction of SbOMT3 with C3-C7 alkylresorcinols (Table 4) suggested an increase in both the enzyme's affinity for these substrates (K m ) with increasing chain length, as well as an increase in catalytic efficiency (k cat /K m ). Due to the limited activity with alkylresorcinols larger than C7 (for reasons discussed below), kinetic parameters were not determined for these substrates. Interestingly, activity of SbOMT3 with the proposed sorgoleone pathway intermediate, 5-pentadecatrienyl resorcinol ( Fig. 1 and 2B) , was approximately 3-fold higher than that for the 5-pentadecyl resorcinol, which contains a saturated (alkyl) side chain of identical length (Table 3) . Overall, SbOMT3 activity appeared somewhat promiscuous, as a low level of residual activity occurred with almost all of the substrates analyzed.
The alk(en)ylresorcinols used for the present study have not been previously tested as substrates in other OMT studies performed to date, thus it is somewhat difficult to draw direct parallels between SbOMT3 and other characterized OMT enzymes. For example, OOMT1 isolated from rose ( Fig. 5A ) has been shown to preferentially utilize orcinol (5-methylresorcinol) as a substrate, however its activity against 5-n-resorcinolic derivatives with longer alkyl side chains has not been determined (67) .
Moreover, OOMT1 efficiently utilizes other simple phenolic substrates such as guaiacol and orcinol monomethyl ether, which SbOMT3 showed only marginal activity against (Table 3) .
Thus, SbOMT3 likely represents a novel subclass of type I plant-specific OMT enzymes, exhibiting a substrate profile that has not previously been demonstrated for any plant OMT to our knowledge.
Moreover, phylogenetic analyses of putative and functionally characterized plant-specific type I OMT enzymes indicate that SbOMT3 falls within a distinct clade of OMTs, which include predicted sequences from rice and corn whose function at the present time remains obscure (Fig. 6) . Within this group, SbOMT3 was most closely related (52% identity) to a putative O-methyltransferase from Zea mays expressed predominantly in root endodermal cells (accession no. P47917; 68).
The observed preference for alkylresorcinolic substrates is particularly intriguing with respect to the consideration of a possible role for SbOMT3 in the sorgoleone biosynthetic pathway. It is highly tempting to speculate that this enzyme could correspond to the OMT involved in sorgoleone biosynthesis, given the strong preference for compounds within the same closely-related structural family as the likely physiological substrate ( Fig. 1 and 2) . Interestingly, OMT enzymatic activity(s) recently detected in ex vivo assays with purified sorghum root hair preparations also utilized C3-C15 5-alkylresorcinolic substrates (56) , and likely corresponds to the activity directed by SbOMT3 and/or closely-related enzymes expressed at high levels in these cells (Tables 1 and 2) .
To examine the potential structural basis for the observed substrate specificity of SbOMT3, computational homology modeling and automated substrate dockings were also performed (Fig. 7) . Several previously determined plant type I OMT crystal structures (63, 64, 69) provide a useful basis for an in silico homology-based structurefunction analysis of OMT homologues. Among the crystallized proteins, the alfalfa (M. sativa) isoflavone 7-O-methyltransferase (I-7-OMT; see also Fig. 5 ) revealed the highest relationship score with SbOMT3 (37% identity), and therefore its crystal structure (PDB code: IFP2) was used to model SbOMT3.
Similar to the M. sativa I-7-OMT (63), the overall structure of the SbOMT3 model (Fig. 7A) indicates a small N-terminal domain that, as in the other type I OMTs, likely plays a major role facilitating the dimerization of the two subunits within the homodimer. The larger C-terminal domain contains both the SAM and the substrate binding sites. The SbOMT3 substrate docking model with 5-(8',11',14')-pentadecatrienyl resorcinol (Fig. 7B) shows the best fit with the 3-hydroxyl group of the resorcinol head pointing to the methyl donor SAM and H279, consistent with the histidine functioning as general base in the deprotonation of the hydroxyl nucleophile in type I OMTs (63, 64, 69) . The binding of the resorcinolic substrates appears to be primarily by van der Waals hydrophobic interactions, with the resorcinol ring positioned by a series of hydrophobic residues (M126, F183, M187, I336, and the side chains of W170 and W276; Fig. 7B ). V130 and F161 form a hydrophobic sandwich-like clamp that constrains the center portion of the aliphatic side chain, while the tip of the very hydrophobic alkyl portion protrudes into a hydrophobic cave formed at the protein dimer interface by the side chains of K335, M334, L139 (from protein subunit A), and F25 and M26 (from subunit B).
The positioning and binding of the methyl donor SAM and the location of the putative catalytic histidine (H279; Fig. 7B ) is very similar to that in the crystallized proteins, indicating that SbOMT3 uses the same S N 2 catalytic mechanism for methyl transfer as proposed for the other enzymes. However, the active site architecture of SbOMT3 (Fig. 7B ) reveals significant differences with that of the M. sativa I-7-OMT, most readily visible by comparison of the active site surface views of the two enzymes (Fig. 7C) . Most notable is the position of the side chain of H332 in SbOMT3 (corresponding to N310 in I-7-OMT), which projects into the binding site's center, producing a curved cavity appearing particularly well-suited to accommodate the stereochemical conformation of 5-pentadecatrienyl resorcinol, consistent with the proposal that 5-pentadecatrienyl resorcinol represents the physiological substrate for this enzyme. The observation that the otherwise very similar substrate 5-pentadecyl resorcinol possessing a saturated alkyl side chain is a poorer substrate ( Table 3 ), suggests that the shape of the cavity plays a significant role in determining the substrate preferences. Furthermore, given the size of the active site cavity, it is not surprising that non-physiological substrates possessing a resorcinol head but shorter alkyl side chains are also excellent substrates of SbOMT3 (Table 3) .
When considering the alk(en)ylresorcinolic substrates used in the present work (Tables 3 and  4) , it is important to take into account the amphiphilicity of these compounds, which contain separate hydrophilic (resorcinolic head group) and hydrophobic (aliphatic side chain) substituents (reviewed in 70), as well as the relatively low aqueous solubilities for those having longer aliphatic side chains (Supplemental Table 2 ). Due to their amphiphilicity, resorcinolic lipids can form monolayers in aqueous solution, and this propensity increases as a function of aliphatic chain length and reduced saturation (71, 72) . Thus, the in vitro studies shown in Table 3 for alkylresorcinolic substrate utilization by SbOMT3 likely reflect a combination of substrate preference, solubility, and the extent to which a given substrate exists in monomeric form in solution.
It is reasonable to speculate that the in vivo situation involves biochemical mechanisms that circumvent the inherent difficulties associated with the physical properties of these molecules, such as 'substrate channeling' through the active sites of multi-enzyme biosynthetic complexes (e.g., 73, 74) , or the involvement of carrier protein co-enzymes such as acyl-CoA-binding proteins (75; see also Table 2) .
These additional considerations, in combination with the SbOMT3 functional and in silico results described in the present work, argue strongly in favor of a potential role for SbOMT3 in the sorgoleone biosynthetic pathway. Experiments including overexpression and RNA interference studies with transgenic sorghum plants are currently being developed to directly address this question.
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Full-length coding sequence data for O-methyltransferases described in this article can be found in the GenBank/EMBL data libraries under accession numbers EF189707 (SbOMT1), EF189706 (SbOMT2), and EF189708 (SbOMT3). Root hair EST sequences were deposited in GenBank/EMBL under accession numbers EH406574 through EH412041. ,11',14')-pentadecatrienyl resorcinol-3-methyl and 5-(8',11',14' )-pentadecatrienyl resorcinol, with the corresponding mass spectra shown as insets. FIGURE 3. Distribution of Unique Sequences Identified in the S. bicolor Root Hair EST Data Set into Gene Ontology (GO)-based Categories. Sequences were assigned various GO terms based on the 'Plant GOSlim' classification scheme (33) . Percentages within each GO category (biological process, molecular function, cellular component) are indicated on the x-axis, and include all putative functions assigned to a given sequence using a cutoff threshold of E > 10 -10 . , then size-fractionated on 0.8% (w/v) agarose gels and transferred to nylon membranes. Blots were then hybridized using 32 P-labeled 3' probe sequences for SbOMT1, SbOMT2 and SbOMT3, washed at high stringency, then subjected to autoradiography. FIGURE 6. Phylogenetic Analysis of SbOMT1, SbOMT2, and SbOMT3 Relatives. The phylogram was generated using the neighbor-joining method as implemented in PAUP ver 4.0b10 (45) . To assess clade support, the bootstrap method was used with 5000 pseudoreplicates. Numbers at nodes indicate the percentage of bootstrap pseudoreplicates in which the clade was recovered. Medicago sativa I-7-OMT Sorghum bicolor OMT3 Rosa hybrid cultivar OOMT1 Sorghum bicolor OMT1 Ocimum basilicum EOMT1 Sorghum bicolor OMT2 §
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